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THE NEURON DOCTRINE
The vertebrate central nervous system
has evolved into aspecializedorganrespon-
sible for higher cognitive and functional
behaviors. Fast, reliable, stereotyped relays
ofmessages from one neuron to the next is
responsible for both intrinsic homeostatic
functions such as breathing, to much ofthe
responses necessary for adaptation and
higher neuronal functioning. The concept
of neurotransmission was revolutionized
inthe second halfofthe nineteenth century
bythe seminal workofthe neuroanatomist,
Santiago Ramon YCajal. Using new stains
for microscopy and impeccable observa-
tional skills, Cajal was the first neurobiol-
ogist expanding the cell theory, introduced
by Schleiden and Schwann inthe 1830s, to
suggest that the nervous system was a col-
lection ofdiverse cellular entities that com-
municated with each other through non-
continuous connections. These connections
weretermedsynapsesbyCharles Sherington
in 1897, after the Greek word for "clasp"
[1]. Thus the neuron doctrine, which holds
that the nervous system is comprised of
individual cells, termed neurons, gained
fervor in the scientific community. Cajal's
belief was in contrast to the one popular-
ized by his famous contemporary, Camillo
Golgi, whose reticularist model contended
that the nervous system was one big syn-
cycium of interconnected parts with a
directly communicating protoplasm [1].
In fact, the neuron doctrine has been
unequivocally supported byrigorous exper-
imentation, withtheultimate proofprovided
byelectronmicroscopicstudiesofthesynapse
by George Palade and others in the mid-
1950s [1-3]. Interestingly, it has been
determined thatcertain fewneurons directly
communicate through specialized intercy-
toplasmic junctions, termed gapjunctions,
which allow forbi-directional flow ofions
and small signaling molecules [1, 4-6]. The
function ofthese electrical synapses, how-
ever, is mainly thought to be the synchro-
nization of activity within certain groups
ofneurons [1, 7, 8].
Since the establishment ofthe neuron
doctrine, ithas been determinedthatthe cen-
tral nervous system is comprised ofroughly
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10l cells of more various types than any
other organ known [9]. These cells partici-
pate in up to 10'5 synaptic connections.
Furthermore, more ofthe primate genome
is believed to be active in the central ner-
vous systemcompared withanyotherorgan
[10]. This, in part, reflects the complex
underpinnings ofneuronal function.
THE SYNAPSE
The synapse is the principal computa-
tional unit of the nervous system. It has
long been known that neurotransmission
relies on the propagation of electrical
impulses. Infact,therearefourprincipalways
that neurons may communicate: achemical
interaction mediated by small neurotrans-
mitter molecules secreted into the synaptic
cleft between two neurons; an electrical
interactionmediatedbydiffusionofanelec-
trical impulsebetweentwoneurons; ephap-
tic interactions mediated by electrical field
effects of closely apposed neurons; and
regional interactions mediated by release
of chemical and gaseous signaling mole-
cules. This discussion will primarily deal
with the chemical synaptic interactions,
which are by far the most dominant in the
mammalian nervous system.
The chemical synapse is comprised of
apresynaptic nerveterminal, a20 to 40 nm
synaptic cleft maintained by intercellular
adhesive contacts, and a postsynaptic
nerve terminal [11, 12]. Synapses are most
often asymmetric intercellular junctions
betweentwocommunicating excitable cells,
typically neurons, or neurons and muscle
cells [12]. Synaptic connections arise dur-
ing development through a complex and
poorly understood mechanism of axonal
pathfinding and target recognition under-
lying the intricate circuitry ofthe nervous
system [13]. The synapse is so structurally
robust, that "synaptosomes" containing
only the presynaptic and postsynaptic ter-
minals connectedviathe synaptic cleft can
be biochemically purified [14-17].
The morphological hallmark ofapresy-
naptic terminal, or bouton, is the presence
of a dense sub-plasmalemmal cytomatrix
around which exist tens to hundreds and,
in some instances, up to thousands ofsmall
35 to 50nmmembrane-boundvesicles loaded
withneurotransmitter molecules (Figure 1)
[12, 18]. The active zone, a term coinedby
Couteaux and Pecot-Dechavassine, defines
the release site ofthe neurotransmitter-con-
taining vesicles [19]. Occasionally, a nerve
terminal may contain more than one active
zonewithdistinctpostsynaptic contacts [12].
Theterminalboutonalsocontainscytoskele-
tal elements, which are believed to be
involved inthe generationandorganization
ofthis specialized compartment. The post-
synaptic terminal also contains a dense
sub-plasmalemmal cytomatrix, termed the
postsynaptic density, in which the cognate
receptors of the neurotransmitter mole-
cules are clustered [12].
Chemical synaptictransmissionbegins
with the propagation ofan electrical depo-
larizing impulse, termed the action poten-
tial, down the axon to the nerve terminal.
At the nerve terminal, the depolarizing
impulse opens voltage gatedcalcium chan-
nels localized at or near the active zone,
which then allow an increase in the local
calcium concentration by up to four orders
of magnitude. The increase in cytosolic
calcium triggers fusion of the synaptic
vesicle withthe synaptic plasmamembrane
surrounding the active zone in a highly
coupled process linking excitation with
neurotransmitter release.
Subsequent to the release of neuro-
transmitter molecules into the synaptic
cleft, neurotransmitters bind to their cog-
nate receptors, which either directly or
indirectly gate ionchannels. The subsequent
influx ofions through the postsynaptic ion
channels generates apostsynaptic potential
that then may or may not generate another
actionpotential to continue thepropagation
ofthe signal. Agiven neuron may integrate
the potentials generated by several presy-
naptic contacts enabling complex compu-Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle 263
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Figure 1. Electron micrograph of a mam-
malian central synapse. Ultrastructure of
the synapse between a parallel fiber axon
terminal and the dendritic spine of a
Purkinje cell in the cerebellar cortex of a
rat. Note the numerous synaptic vesicles
adjacent to the cell membrane. PSD =
post-synaptic density, G = glial cell.
Originally published in [12] and reproduced
with permission from Johns Hopkins
University Press.
tational processing. Thus, an electrical
impulse is converted into a chemical sig-
nal, which is then reconverted into an elec-
trical impulse. Byvirtue ofits many differ-
ent regulated steps, the synapse is also the
principle effector of plasticity within the
nervous system, whichunderscorestheneed
to finctionally understand this important
physiologic structure.
THE QUANTAL NATURE OF
NEUROTRANSMITTER RELEASE:
SYNAPTIC VESICLES
Theconceptthatneurotransmitterswere
released in discrete packets, orquanta, was
postulatedbeforephysical evidence ofsynap-
tic vesicles was known. Based on physio-
logical recordings ofthe frogneuromuscular
junction in the early 1950s, Bernard Katz
andcolleagues determined thatthere existed
spontaneous stimulation independent poten-
tial changes ofuniform 0.5 millivoltampli-
tudes [20, 21]. They postulated that these
mini-end plate potentials (MEPPs)b, as
they were called, must define the minimal
unit, orquantum, ofneurotransmitterrelease
togeneratesuchachange inpotential [21,22].
In 1955, electron microscopic studies
by Palay and Palade, and de Robertis and
Bennett gave quantal theory a morpholog-
ical correlate [2, 3]. Thepresence ofnumer-
ous small membrane-bound vesicles pre-
sentatthenervetenninal ledtothesuggestion
that these organelles must be the determi-
nants of quantal neurotransmitter release
by fusing with the plasma membrane and
releasing their stored quantity of neuro-
transmitter(Figure 1) [23]. Ithas sincebeen
foundthatthe quantum ofneurotransmitter
that generates the MEPP corresponds to
the amount which is loaded in synaptic
vesicles ofthe frogneuromuscularjunction,
roughly five to ten thousand molecules of
acetylcholine [24]. The most compelling
evidence that quantal release translates to
synaptic vesicle exocytosis is a study cor-
relating amounts of released quanta mea-
sured electrophysiologically in the frog
neuromuscular junction with electron
micrographic images of synaptic vesicles
appearing to be in intermediate stages of
fusion with the plasma membrane [25-28].
Although there is little doubt, it should be
mentioned, for the sake of completeness,
that since no absolute physical proof for
the causal relationship between vesicle
exocytosis and synaptic transmission has
yetbeen found, thevesicletheory ofquantal
release remains a hypothesis.
Neurotransmitter molecules released
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synaptic cleft withintwo microseconds, and
expose the postsynaptic receptors to a con-
centration of1 mM neurotransmitter, suffi-
cient to open up to two thousand postsy-
naptic ionchannels. This wouldtheoretically
generate apostsynapticpotential onthe order
of that seen with the MEPP. It has been
estimated that at each release site, oractive
zone, an action potential has a probability
of 0.3 for causing release of a synaptic
vesicle (although this is likely variable and
regulated at different synapses). It follows,
then, that in a large neuromuscular junc-
tion containing about one thousand active
zones, an action potential results in the
release of roughly three hundred vesicles
within 1.5 milliseconds, generatingthe large
postsynaptic end-plate potential capable of
stimulating muscle fiber excitation.
BIOGENESIS OF SYNAPTIC
VESICLES
The identification ofsynaptic vesicles
begged the next question ofhowand when
these organelles are created. The generation
ofmaturesynapticvesicles isthoughtto occur
within the nerve terminal itself, compared
with the direct generation from the Golgi
complex typical for vesicles of regulated
exocytosis. Precursor proteins and mem-
branes, however, are formed in the endo-
plasmic reticulum and Golgi complex.
These precursors are transported down the
axon via membrane-bound tubulo-vesicular
organelles through fast axonal transport.
These macromolecules include the integral
membrane synaptic vesicle proteins, such
as synaptophysin and SV2, as well as lipid
molecules [17].
A fair amount of molecular sorting
occurs to generate a mature synaptic vesi-
cle, given its compositional difference
withthe plasmamembrane. Most evident is
the virtual lack ofgangliosides and a rela-
tively large enrichment of cholesterol in
synaptic vesicles when compared with the
plasmamembrane [17]. Cholesterol isknown
to be important for the structure of high
curvature membranes, and depletion of
cholesterol from the plasma membrane
preventsefficientformationofvesicles, result-
ing in shallow buds that appear stunted in
theirabilityto form highcurvature [29, 30].
Inaddition, synaptophysin has beenshown
to directly bind cholesterol, potentially
servingas its biochemical sorter insynaptic
vesicles [31, 32].
Different lines ofevidencepoint to the
generation ofa synaptic vesicle occurring
at the nerve terminal [17]. First, the pleio-
morphic, membranous organelles that con-
tainthe synaptic vesicle precursorproteins,
do not share the same size or morphology
with synaptic vesicles [33]. Second, it is
knownthatdifferent synaptic vesicleproteins
aretransported on differentvesicularcarriers
[34], with the full complement ofsynaptic
vesicle proteins co-existing on the same
organelle only in the mature synaptic vesi-
cle at the nerveterminal. These axonal car-
riers also contain othernon-synaptic vesicle
cargo destined fortraffic tothe distalaxon!
nerve terminal [34]. Third, neurotransmitter
molecules are loaded into vesicles at the
nerve terminal. Finally, it is believed that
nascenttransportvesiclescanyingthesynap-
ticvesicleprecursorsneedtoundergo some
exo-endocyticrecyclingbeforetheycanload
neurotransmitter molecules, implying a
degree ofsorting at this stage requisite for
the generation ofamature synaptic vesicle.
Itisunclearwhethersomeaxonal endosomal
sorting compartment mayalsobe important
inthisprocess [35]. Thus, it canbe thought
that asynaptic vesicle is ultimately formed
upon endocytosis from the plasma mem-
brane, afact which has important ramifica-
tions for the recycling nature of synaptic
vesicles.
SYNAPTIC VESICLES EXIST IN
DISTINCT POOLS
Twopools ofsynaptic vesicles exist at
thenerveterminal: thereadilyreleasablepool,
and the reserve pool [17, 36]. Electro-
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pools of synaptic vesicles. Upon a high-
frequency train of action potentials, there
ensues a burst offast synaptic vesicle exo-
cytosis, followed by a lower, steady-state
level ofrelease [36-39]. The burst defines
the readily releasable pool of synaptic
vesicles, while the steady-state is thought
to correspond to a reserve pool ofsynaptic
vesicles. This reserve pool is not immedi-
ately available for release, but is able to
generate continued neurotransmission at a
lower rate upon continuous stimulation,
therefore highlighting the importance of
this pool ofvesicles during high-frequency
synaptic firing. Once depleted, the readily
releasable pool of vesicles is regenerated
only upon a discontinuation ofthe excita-
tory train [40]. Given continuous high fre-
quency stimulation, neurotransmission will
grind to a halt as both pools of synaptic
vesicles are exhausted.
Morphologically, the readily releasable
pool of synaptic vesicles is thought to be
those vesicles docked with the active zone
incloseproximitytothepresynapticplasma
membrane [39, 41]. These vesicles are the
ones postulated to be immediatelyavailable
to fuse with the plasma membrane and
releasetheirneurotransmitterintothe synaptic
cleftuponstimulation [40,42].Alteration of
the functional size ofthe readily releasable
pool can be an important modulator of
synaptic transmission and plasticity [39].
Around these docked vesicles exist many
more synaptic vesicles in acluster thought
to comprise the reserve pool of vesicles
[42]. While not immediately available to
fuse withtheplasmamembrane and release
their stored neurotransmitters, thesevesicles
are believed to be gradually recruited to
the release sites at the plasma membrane
where they may then dock and fuse. It is
believed that the inherent delay in this
recruitment process is what differentiates
the readilyreleasable pool from the reserve
pool, electrophysiologically.
There are several proteins thought to
be important in the dynamics ofthese two
pools of synaptic vesicles. The synapsins
areahighlyconservedproteinfamilyhaving
activity-dependent association with synaptic
vesicles [43-47]. At rest, the synapsins are
clusteredaroundthe synaptic vesicles. Upon
stimulation, the synapsins become phos-
phorylated andno longerbindtothe synap-
tic vesicles, diffusing along the axon [48].
It is thought that this release from synapsin
binding is what frees the vesicle in the
reserve pool to progress to docking at the
presynaptic plasmamembrane [48]. Binding
may then proceed to large multi-domain
proteins, such as RIM, piccolo, and bas-
soon, whichare closelyassociated withthe
active zone cytomatrix, through other synap-
tic vesicle proteins such as rab 3A [49].
From this "docked" site, vesicles are ready
to fuse with the plasma membrane inacal-
cium-dependent manner to release neuro-
transmittermolecules into the synaptic cleft.
SYNAPTIC VESICLE EXOCYTOSIS
Due to the ability to biochemically
purifyahomogeneous population ofsynaptic
vesicles, these organelles have been cata-
lysts for the study ofregulated exocytosis
[45, 49]. One postulated mechanism for
fusionofthe sylapticvesiclemembranewith
the presynaptic plasma membrane occurs
via the SNARE proteins [49-51]. The
SNAREs comprise a diverse family of
membrane-associated molecules whichhave
the ability to bind to one another to form a
robust complex having high melting tem-
peratures and resistance to SDS denatura-
tion [49, 52]. SNAREs have been classi-
fied into those associated with the vesicle
(vSNAREs), and those associated with the
target membrane (tSNAREs) [53]. In gen-
eral, a SNARE complex consists of one
vSNARE andtwo differenttSNAREs [52],
with the specificity of the vesicle-target
membrane interaction thought to be inher-
ent in the specific interactions ofthe vari-
ous SNARE proteins [54]. The prototypi-
cal vSNARE is the synaptic vesicle inte-
gral membrane protein, synaptobrevin.
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membrane protein, syntaxin, and the lipid
modified protein SNAP-25. It is generally
believed that complex formation between
the respective SNAREproteins ofthe vesi-
cle and target membrane contains enough
energy to begin a process that pulls the
apposing membranes together. The energy
contained within the SNARE complex is
thought to thermodynamically drive the
approximation of the two adjacent mem-
branes until they mix, allowing for fusion.
SNARE-mediated membrane fusion has
been implicated in many forms of mem-
brane trafficking events [54].
Two major lines of evidence support
the SNARE hypothesis of membrane
fusion. The first involves use ofbacterial
toxins from Clostridia, which selectively
target various sites in the different neu-
ronal SNARE proteins for proteolytic
cleavage. These toxins potently blockneu-
rotransmission and are fatal ifleft untreated
[55]. The block in neurotransmission lies
at the level ofsynaptic vesicle exocytosis,
with no effect on the total number of
synaptic vesicles and an increase in the
numbers of vesicles docked at the active
zone [56]. This implicates the SNAREs to
be necessary in a late stage offusion with
the plasmamembrane, afterdocking ofthe
vesicle to the active zone. The otherline of
evidence directly tests the ability of the
SNARE proteins to mediate lipid bilayer
fusion. Using artificial proteoliposomes
containing variouspopulations ofvSNAREs
and tSNAREs, Rothman and colleagues
showed that the SNARE proteins are the
minimal machinery sufficient to produce
coordinated membrane fusion between
proteoliposomes containingcomplementary
SNARE proteins [57].
The probability of synaptic vesicle
exocytosis increases five to six orders of
magnitude withthe influx ofcalciumat the
nerve terminal; however, the nature ofthe
calcium sensorinthisprocess has remained
elusive [49]. The calcium channels at the
nerve terminal exist atthe active zone, and
generate a stimulation-dependent increase
in local calcium concentration from rough-
ly 100 nM to 100 gM . The time from
influx ofcalciumtovesiclerelease canoccur
within 100 to 200 microseconds, indicating
that the calcium sensor must reside in an
area at least within 100 nm from the calci-
um channels, close to the active zone [49].
Several synaptic proteins are known
to bind calcium. The integral synaptic
vesicle protein, synaptotagmin, has been
the candidate most intensively studied. The
calcium binding sites of synaptotagmin
reside in its two C2 domains, homologous
to the calcium-binding region in protein
kinase C. The low affinity binding of this
domain for calcium is consistent with the
concentrations ofcalcium needed to stim-
ulate membrane fusion. Furthermore, vari-
ous perturbation studies ofsynaptotagmin
function, including protein overexpression
and microinjection ofantibodies and pep-
tides, has revealeda role forthis protein in
synaptic transmission [58, 59]. Moreover,
synaptotagmin is known to be able to
oligomerize, bind to the tSNARE proteins,
syntaxin and SNAP-25, as well as bind to
phospholipids in a calcium-dependent
fashion [51, 60, 61]. These dataare consis-
tent with a model whereby calcium bind-
ing by synaptotagmin at the active zone is
involved in the facilitation of SNARE
complex formation and fusion. However,
some ofthe many mammalian isoforms of
synaptotagmin do not bind calcium, and
gene knock-out studies in C. elegans, D.
melanogaster, and mice have produced
ambiguous results concerning the role for
synaptotagmin in calcium dependent
synaptic vesicle exocytosis [62-67]. There-
fore,thetrueidentityofthesynapticcalcium
sensor remains obscure.
SYNAPTIC VESICLE RECYCLING
Even at low levels ofstimulation, the
complement of synaptic vesicles would
rapidly become depleted if there were no
compensatory mechanism for their replen-
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frequency stimulation, and the ability of
the nervous systemto quicklyalterthe flux
of neuronal firing, the rapid regeneration
ofsynaptic vesicles is crucial forthe main-
tenance ofproductive neurotransmission. In
addition, the other consequence of unop-
posed synaptic vesicle exocytosis wouldbe
the large accumulation ofmembrane at the
synapse, with the resulting drastic disrup-
tion ofsynaptic architecture. This problem
is elegantly solved through the local recy-
cling ofsynaptic vesicles at the nerve ter-
minal [25, 35]. Synaptic vesicle recycling
at the nerve terminal can regenerate and
maintainthe synapticvesiclepool, while at
the same time, balance the total surface
area ofthe presynaptic membrane through
a cycle ofexo- and endocytosis [68].
Indeed, exocytosis is tightly coupled
to endocytosis inthesynaptic vesicle cycle.
The nature of the tight coupling is most
likely through a combination of sensitivi-
ties to the same biochemical trigger, calci-
um, as well asthroughthedetection,bythe
endocytic machinery, of synaptic vesicle
components delivered to the presynaptic
plasma membrane [68]. Experimental evi-
dence supports both ofthesepotential coU-
pling mechanisms. Formation ofendocytic
complexes is facilitated through calcium-
dependent dephosphorylation of several
proteins in the endocytic pathway by the
phosphatase, calcineurin [69, 70]. Further-
more, theputative exocytic calcium sensor,
synaptotagmin, binds to the alpha-adaptin
subunit oftheclathrinadaptorAP-2, serving
to potentially nucleate the formation of a
clathrin-coated pit at sites where synapto-
tagmin has been delivered to the plasma
membrane [71]. In addition, in the verte-
brate fish, lamprey, artificialuncoupling of
exocytosis from endocytosis resulted inthe
endocytosis ofsynaptic vesicles only until
the vesicle pool had replenished, arguing
for a biochemical stimulus present at the
plasmamembranewhichwastriggeringthe
endocytic process, namely, the presence of
synaptic vesicle proteins delivered to the
plasmamembranebyexocytosis [72]. There
is evidence showing that the rate ofendo-
cytosis directly correlates with the rate of
exocytosis, firtherdemonstratingtheintimate
coupling of these two processes [73, 74].
Moreover, recent data have implicated
phosphoinositide metabolism in the exo-
endocytic cycle ofvesicles recycling from
the plasma membrane, suggesting lipid-
mediated coupling ofthese two processes
[75-79].
Using styryl dyes that fluoresce upon
embedding into lipid bilayers, the kinetics
ofevoked synaptic vesicle recycling have
provided new data demonstrating robust
vesicle turnover [80-82]. These experi-
ments reveal kinetics thatare dependent on
the intensity and duration of stimulation.
Following a brief 10 Hz stimulation, the
half-life ofsynaptic vesicle endocytosis is
roughly twenty seconds in central synaps-
es as measured by these methods [81, 83,
84]. However, different kinetics ofuptake
have been found under different stimula-
tion protocols and in different synapses,
reflecting a potential finctional role for
various recycling dynamics within the
diversity of the nervous system [68, 73].
Based on the kinetics ofstyryl dye unload-
ing after internalization, it has been deter-
mined that roughly another 30 seconds is
required after endocytosis for subsequent
availability of the nascent vesicle for
another round of exocytosis, placing the
total time of recycling at just under one
minute [85, 86]. Thus, the recycling path-
way appears most critically important for
maintenance ofthereservepool ofsynaptic
vesicles.
Interestingly, there is segregation atthe
nerve terminal with respect to regions of
exocytosis and endocytosis of synaptic
vesicles. While exocytosis isthoughtto occur
principally attheactive zoneproper, where
synaptic vesicles are seen to be closely
apposed to the presynaptic plasma mem-
brane by electron microscopy, the major
endocytic activity primarily occurs at the
outer boundaries of the active zone, in a
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[68, 72, 87, 88]. In fact, the periphery of
the active zone is enriched in proteins
involved in endocytosis [88, 89]. The
mechanism for this functional segregation
of exo-and endocytosis is not understood,
although clearly there must be a role for
protein-protein and protein-membrane
interactions that favor this distribution.
Conceptually, a separation of these two
processes in space would in some ways
prevent a functional competition unpro-
ductiveforneurotransmission, andtheremay
alsobesteric requirements forthe separation
of the different machineries required for
exo- and endocytosis.
TWO PUTATIVE PATHWAYS FOR
SYNAPTIC VESICLE RETRIEVAL
In what way does the local recycling
of synaptic vesicles occur? In the early
1970s, electron microscopic studies of
stimulatednerveterminals revealedclathrin-
mediated endocytosis to be a major path-
way ofsynaptic vesicle retrieval after exo-
cytosis [35]. This highly specialized ver-
sion ofageneral endocytic pathway is nec-
essary for the maintenance ofthe synaptic
vesicle pool, and perturbation ofthis sys-
tem results in rapid depletion of synaptic
vesicles at the nerve terminal [90-92].
Theclathrin-mediatedpathwayforendo-
cytosis ofsynaptic vesicles has beenrigor-
ously supported through experimentation
using a variety of methods, and likely
involves the direct formation ofa synaptic
vesicle from the plasma membrane (Figure
2) [16]. Biochemically, the brain is an
abundant source of clathrin-coat proteins,
derived from a coated vesicle fraction
enriched in synaptic vesicle proteins [93].
Furthermore, by immunofluorescence,
clathrin-coat proteins are highly concen-
trated in the nerve terminal, indicative ofa
major role for these proteins in a synaptic
process [68]. Moreover,cellularmanipulation
experiments, through which the clathrin-
mediated endocytic pathwaywas perturbed
by either peptide or antibody microinjec-
tion, have clearly shown a major role for
this pathway in synaptic vesicle recycling
[91, 92, 94]. Some of the most striking
examples ofthe importance oftheclathrin-
mediatedrecyclingpathway are seen inthe
microinjection studies using the living
giant reticulospinal synapse of the verte-
brate fish, lamprey. Inthispreparation, dis-
ruptingproteins involved in clathrin-medi-
atedsynaptic vesiclerecycling demonstrate
acrucial role forthis pathway inthe main-
tenance of the synaptic vesicle pool, at
either low or high levels of stimulation
[91, 92, 94]. Such a disruption ofclathrin-
mediated endocytosis in the lamprey retic-
ulospinal synapse results in near total
depletion of the synaptic vesicle cluster,
with many "trapped" intermediates of the
clathrin-mediated endocytic pathway seen
at the periphery ofthe active zone [91, 92,
94]. Furthermore, genetic studies in D.
melanogaster and mice have further sup-
ported a major role for clathrin-mediated
synaptic vesicle recycling, demonstrating
both lethality and severe neurological dys-
function [75, 95-99].
An alternative pathway for synaptic
vesicle recycling has also been proposed,
independent of clathrin-mediated endocy-
tosis. This hypothesis stemmed from elec-
trophysiological studies ofmembranecapac-
itance, as well as electron micrographs
showing synaptic vesicles in a state ofpar-
tial fusion with the plasma membrane
[100]. Known as "kiss and run," this
hypothesis posits that the vesicle may,
rather than completely collapsing into the
presynaptic plasma membrane, only form
a transient fusion pore which may then be
resealed quickly to reform the synaptic
vesicle [25, 101]. Opening of the fusion
pore wouldbe sufficient forrelease ofneu-
rotransmitter, without compromising the
overall integrity ofthe vesicle. Advantages
forthispathwaywouldbepotentially faster
recycling kinetics derived from reversal of
a partial fusion event, as well as circum-
venting the need to sort vesicle con-Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle 269
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Figure 2. Synaptic vesicle recycling.
Cartoon of synaptic vesicle recycling via
the clathrin-mediated endocytic pathway.
Synaptic vesicles, loaded with neurotrans-
mitter, fuse with the presynaptic plasma
membrane to release their neurotransmit-
ter contents into the synaptic cleft, stimu-
lating a postsynaptic response. Afterfusion
and neurotransmitter release, synaptic
vesicles are sorted and reformed by
clathrin-mediated endocytosis, requiring
the clathrin coat proteins and the dynamin
GTPase (discussed below). Synaptic vesi-
cle formation can occur directly from the
plasma membrane, as well as from bulk
internalized membranes after intense stim-
ulation. Originally published in [16] and
reproduced with permission from Joumal
ofCell Biology.
stituents fromthepool ofproteins andlipids
present in the plasma membrane.
The most tenable evidence that the
"kiss and run" mode of vesicle recycling
occurs has been from capacitance studies
of large secretory granule secretion [102-
104]. The addition of membrane upon
fusion of a large vesicle granule with the
plasma membrane of a secretory cell is
sufficient to detect an increase in the
capacitance oftheplasmamembrane. Using
these techniques, coupledwithbiochemical
detectors ofgranule content release, it has
been shown that a given graniule may
undergo a "flicker" state where the capaci-
tance of the plasma membrane quickly
changes in a reversible fashion inconjunc-
tion with secretion [101, 105, 106]. The
amplitude of the capacitance change is
similarto what wouldbe seenwithasingle
total fusion event. This led to the notion
that the vesicle was reversibly fusing with
the plasma membrane and releasing its
contents in briefspurts.
Althoughthe"flicker" or"kiss andrun"
mechanism offusion hasbeen demonstrated
for secretion of these large vesicles, evi-
dence forthe same phenomenon occurring
with synaptic vesicles has not been nearly
as robust, particularly since the small size
of synaptic vesicles is below the reliable
detection limit for capacitance studies.
Furthermore, the large secretory granules
studied for capacitance changes are more
akin to the large dense-core vesicles con-
taining neuropeptides present in some neu-
rons, rather than the small neurotransmit-
ter-containing synaptic vesicles. These
neuropeptide-containing large dense-core
vesicles most likely do notundergo exocy-
tosis at theactive zone, andthus may have a
qualitatively different mechanism offusion
distinct from that ofsynaptic vesicles [12].
This fact limits the ability to generalize a
process involved with large granule secre-
tion to synaptic vesicle exocytosis. The
"kiss and run" model is still a viable one,
however, and more experimentation may
reveal a potential role for this pathway in
synaptic vesicle recycling [73].
THE CAST OF PLAYERS IN
SYNAPTIC VESICLE RETRIEVAL
Clathrin-mediated synaptic vesicle
retrieval involves an intricate sequence of
protein and membrane dynamics. Acentral
question in this process is how the nascent
vesicle bud is generated from the plasma
membrane and then severed to form an
independent organelle. Many proteins
have been implicated in this process, from
clathrin, to the adaptins, to a whole group
of accessory proteins, the functions of270 Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle
which have become increasingly studied in
recent years [68, 107, 108].
Clathrin-coat proteins purified from
the brain are comprised principally of
clathrin-heavy and light chains, the hetero-
tetrameric adaptor, AP2, and the large
monomeric adaptor, AP180 [109]. Each of
these proteins has independently been
implicated as important components for
clathrin-coat formation. The triskelion is
the principal structural unit of clathrin
assemblies [110]. The clathrin triskelion is
comprised of three clathrin-heavy chains
[111, 112]. The central hub of the triske-
lion is where the light chains are localized
[113, 114], and the terminal domains rep-
resent the NH2-terminal regions of the
clathrin-heavy chains which are known to
be involved in protein-protein interactions
with adaptors [115]. Rather than forming a
major structural part ofthe triskelion, the
clathrin-light chains are mainly thought to
exert regulatory effects on coat formation
[109, 116, 117]. The presence ofclathrin-
light chains inhibits clathrin cage forma-
tion at physiological pH, andphosphoryla-
tion oflight chains may play a role in reg-
ulating the interaction of the light chains
with the heavy chains [113, 118].
Clathrin triskeliacan organize to form
hexagonal and pentagonal lattices [109].
Geometric models ofthese shapes indicate
that while triskelial hexagons can form flat
sheets, triskelial pentagons introduce cur-
vature in the lattice due to steric consider-
ations of such a pentagonal assembly
[119]. With the appropriate ratio of hexa-
gons to pentagons, clathrin is able to form
structures resembling geodesic domes, or
"buckminster fullerenes" [120, 121]. Under
acidic conditions below pH 6.5, clathrin
itself can oligomerize into lattices and
cages in solution comprised solely of
triskelial units [111]; however, at physio-
logic pH, clathrin adaptor proteins are
required for cage formation [122].
Both AP2 and API80 can indepen-
dently and synergistically stimulate free
clathrin cage formation [123]. AP180 has
also been shown, both in vitio and in vivo
in C. elegans and D. melanogaster, to be
necessary for the stringent size determina-
tion ofthe clathrin-coat for synaptic vesi-
cles [96, 124, 125]. AP2 andAP180 are also
able to bind to phospholipids [123, 126,
127] and therefore provide an additional
structural link to the site ofaction for the
clathrin-coat. In fact, purified clathrin-coat
proteins can form coated buds on protein-
free artificial liposomes, demonstrating that
soluble components alone are sufficient to
generate the structural intermediates in
endocytosis [128]. In addition, the p2-sub-
unit ofAP2 has been shown to bind to a
tyrosine-based sorting motif present in
synaptotagmin, and therefore, provides a
link for the sorting of synaptic vesicle
components implicit in clathrin-mediated
synaptic vesicle retrieval [71,129]. Consis-
tentwiththis idea,AP180 C. elegans mutants
were shown to mislocalize the vSNARE,
synaptobrevin, indicating an important
role forAP180 inthe sortingofthis impor-
tant exocytic protein [124].
Recently discovered in Drosophila,
the novel synaptic protein, stoned B, has
been shown to associate with clathrin-coat
proteins and to be important in synaptic
vesicle recycling [130-132]. Stoned B has
structural homology to the g2-subunit of
AP2, and concordantly, interacts directly
with synaptotagmin [133]. Deletion ofthe
stonedB locus results inmislocalization of
synaptotagmin and defects in neurotrans-
mission attributed to a dysfunction of
synaptic vesicle recyling [134-136]. This
further demonstrates how proteins associ-
ated with the clathrin-coat canbe intimate-
ly involved in sorting of synaptic vesicle
proteins and in the efficiency of synaptic
vesicle recycling.
RING AROUND THE COLLAR
In addition to the proteins comprising
the clathrin-coat, several other proteins
have been implicated in this endocytic
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are involved in budding from the plasma
membrane, they are not sufficient to cause
fission ofthe bud into a vesicle. The first
evidence that factors other than the
clathrin-coat proteins were involved in
clathrin-mediated synaptic vesicle retrieval
came from the study ofa Drosophila tem-
perature-sensitive mutant severely defec-
tive inneurotransmission [90]. Morphological
analysis of the shibire temperature sensi-
tive mutation in D. melanogaster showed
that, at the restrictive temperature, paraly-
sis coincided with depletion ofthe synap-
tic vesicle clusterandthe arrest ofclathrin-
mediated endocytosisatdeeply invaginated
buds (Figure 3) [90]. Interestingly, elec-
tron-dense collars were found at the necks
of these clathrin-coated buds [90]. The
mutant gene was subsequently found to
encode the Drosophila ortholog ofdynamin,
a lOOkDa GTPase initially cloned as a
microtubule associated protein [137, 138].
Dynamin has three different isoforms
totallingup totwenty-seven different splice
variants [139]. Dynamin 1 is specific tothe
brain and is highly enriched at the nerve
terminal. Dynamin 2 is ubiquitously
expressed, while dynamin 3 is predomi-
nalntly in testes, with some brain and lung
expression.
Dynamin is comprised of five major
domains: anNH2-terminal GTPase domain;
a middle domain containing a region of
coiled-coils potentially involved in dyna-
min-dynamin interactions; a pleckstrin-
homology (PH) domain with affinities for
phosphoinositides, and which may also
participate in protein-protein interactions;
a GTPase effector domain (GED) thought
tostimulate dynaminGTPaseactivityaswell
as to regulate dynamin-dynamin oligomer-
ization through two predicted coiled-coil
segments; and a COOH-terminal region
rich inprolines andarginines (PRD) known
to bind several proteins containing src-
homology 3 (SH3) domains (Figure 3C)
[140]. The large NH2-terminal GTPase
domain, themosthighlyconservedamongst
the dynamins, is characterized byveryhigh
GTPaseactivityandlowaffinity fornucleo-
tides. Indeed, these traits ofa large GTPase
withhighhydrolytic activityandlownucleo-
tideaffinityhave definedafamilyofGTPases,
including members ranging infunction from
theimmunesystemtomitochondrialdynamics
[139, 141].
Two important lines of evidence ini-
tially implicated dynamin as an important
endocytic protein in mammals. Over-
expression, inmammaliancells, ofadynamin
construct unable to bind GTP acted in a
dominant negative fashion to potently
block endocytosis [142, 143]. Furthermore,
treatment of isolated synaptic membranes
with brain cytosol and GTPyS, a non-
hydrolyzable analog ofGTP, could mimic
the fission arrest phenomenon seen in the
shibiremutant, withmultiple electrondense
rings constricting the membrane below a
clathrin-coated bud (Figure 4) [15]. These
electron-dense collars were immuno-gold
positive for dynamin. Moreover, dynamin
was shown to form stacks ofrings in solu-
tion by electron microscopy [144], and
purified dynamin alone deformedboth nat-
ural membranes andartificial lipidbilayers
into tubules withthe approximate diameter
ofthe neck ofa clathrin-coated bud [128].
Upon addition ofGTP, some tubules gen-
erated by dynamin on liposomes were seen
to constrict in diameter, and many tubules
fragmented to small vesicular structures
[145]. Thus, fission of a nascent clathrin-
coated bud from the plasma membrane
requires dynamin, and specifically, aGTP-
dependent function ofdynamin. Given the
in vitro and in vivo dynamics observed
with dynamin and lipid bilayers, the GTP-
dependent function is likely a mechano-
chemical transduction ofenergy sufficient
to mediate scission ofthe tubular neck of
the clathrin-coated bud [146]. An alterna-
tive mechanism has also been proposed
whereby dynamin may stimulate a down-
stream fission machinery in a GTP-depen-
dent fashion [147], and it is possible that
both mechanisms may work in tandem.272 Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle
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Figure 3. The shibire mutant in D. melanogaster displays a temperature-sensitive
arrest of synaptic vesicle recycling due to failure of vesicle fission as a result of a
defect in the gene encoding the GTPase, dynamin.
(A) At the permissive temperature, the pre-synaptic compartment is replete with synaptic
vesicles, and the fly behaves normally.
(B) At the restrictive temperature, paralysis coincides with a depletion of synaptic vesicles,
and an accumulation ofclathrin-coated profiles arrested at a deeply invaginated state. Note
the electron-dense ring-like structures evident at the neck of many of the coated buds.
Originally published in [90] and reproduced with permissionfrom the JournalofNeuroscience.
(C) The domain structure ofdynamin, the 100 kDa GTPase product ofthe shibire gene. The
GTPase activity of the NH2-terminal GTPase domain is required for fission of the nascent
clathrin-coated bud into a vesicle. The COOH-terminal proline- and arginine-rich domain is
responsible for dynamin binding to various SH3 domain-containing proteins. CC = coiled
coils; GED = GTPase effector domain. Originally published in [172] and reproduced with
permission from the author.Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle 273
~~14
AUT'i~~~~~~~V
.: .. .. > zg . , ::.w 7~ : '. :'.
Figure 4. Membrane tubules generated
by purified dynamin have a different
protein coat compared with tubules
generated by brain cytosol
(A) Thin section electron micrograph of
epon-embedded membrane tubules gener-
ated in the presence of synaptic mem-
branes, brain cytosol, and GTP_S. Note the
presence of electron-dense rings similar to
those seen in the shibire nerve terminals at
the restrictive temperature. These tubules
are highly immunoreactive against anti-
dynamin antibodies.Originally published in
[15] and reproduced with permission of
Nature.
(B) Negative stain electron micrograph of
membrane tubules generated in the pres-
ence of liposomes and purified rat brain
dynamin. Note that although the dimen-
sions ofthe membrane tubule are the same
as compared with cytosol in A(roughly 25-
100 nm diameter), the morphology of the
protein coat on the tubule is different, with
purified dynamin being represented by
thinner rings spaced more closely together.
This suggests that a protein complex is
likely responsible for the thick electron-
dense structure seen with brain cytosol.
Originally published in [172] and repro-
duced by permission from the author.
Dynamin exists as dimers and
tetramers in solution and is able to form
high order oligomers under conditions of
low salt, or on the surface oflipidbilayers.
Recently,a20Angstrom structureofdynaniin
oligomerized inatubule hasbeen solvedby
electron cryo-microscopy [148, 149]. This
structureshowstheunitofdynaminassembly
tobe adimer, andadynamin ringtobe com-
posed ofdimeric oligomers with an eleven-
foldaxis ofsymmetry [148, 149]. Dynamin
is assembled as a continuous stack ofrings
that is poised in such a way as to mediate
constriction with conformational change
[148, 149]. This model supports amechano-
chemical function for dynamin, although
downstream effectors may still play a role
in the fission reaction.
PROTEIN COMPLEXES IN THE
ENDOCYTIC FISSION RING
Thin-section electron microscopic
specimens ofmembrane tubules generated
bypurifieddynamindo notexhibitthe dense
ringpattern observed when membranes are
treated with brain cytosol and GTPyS. The
rings generatedbypurifieddynaminare only
seenbynegative stain electron microscopy,
and they are thinner and spaced more
closely togetherthan the rings formed with
braincytosol(Figure4) [150]. Therings seen
with brain cytosol, therefore, most likely
represent a complex of proteins involved
in membrane deformation during clathrin-
mediated endocytosis, which together are
abletogeneratethe electrondensityobserved
by thin sectioning.
The most likely candidates for the
proteins involved in the endocytic fission
ring include major dynamin interacting
partners at the nerve terminal. One such
protein is amphiphysin, a 128 kDa protein
comprising a highly conserved NH2-ter-
minal coiled-coil region and a COOH-ter-
minal SH3 domain (Figure 5) [151]. The
coiled-coil region is involved in protein-
membrane interactions as well as dimer-
ization/multimerization [152, 153], while the
SH3 domainbinds dynamin andthe synap-274 Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle
tic polyphosphoinositide phosphatase,
synaptojanin [151, 154]. Furthermore, up-
stream of its SH3 domain, neuronal iso-
forms ofamphiphysin containpartially over-
lapping sequences known to bind clathrin
and AP2 [155], thus providing for a puta-
tive linkbetween interactions with dynamin
and the clathrin-coat [150].
The role ofamphiphysin in endocyto-
sis has been shown bythe strong inhibition
ofendocytosis found using its SH3 domain
for acute perturbation studies. Cells tran-
siently expressing the amphiphysin SH3
domain exhibit a profound block in
clathrin-mediated endocytosis [156]. More-
over, microinjection of the amphiphysin
SH3 domain inthestimulatednerveterminal
ofthe lampreyreticulospinal synapse results
in depletion ofsynaptic vesicles secondary
to a block in clathrin-mediated synaptic
vesicle retrieval [91]. Theblock in synaptic
vesicle recycling is at the late fission step,
as numerous deeply invaginated clathrin-
coated buds were seen accumulated at the
periphery ofthe active zone [91]. Chronic
perturbation of amphiphysin function
mediated by targeted disruption of the
amphiphysin gene leads to severe cogni-
tive deficits correlated with dysfimctional
synaptic vesicle recycling [99]. Asubset of
amphiphysin knockout mice also suffer
premature death due to an enhanced sus-
ceptibility to seizures [99].
These data point to a role for
amphiphysin in the high-efficiency synap-
tic vesicle recycling required for higher
order brain functioning.
In vitro, amphiphysin forms a com-
plex with dynamin, which, by comparison,
forms more widely spaced electron dense
rings visible also by thin sectioning [150].
These rings more closely resemble the
morphology of the rings seen using total
brain cytosol, rather than the rings seen
with dynamin a-lone [150], supporting the
notion that acomplex ofproteins is present
atthethickelectron-dense collarpresent at
thetubularneckoftheclathrin-coated bud.
Moreover, recombinant amphiphysin alone
was able to tubulate liposomes to roughly
the same diameter as the tubules generated
by dynamin [150]. Thus,the role ofamphi-
physin in the synaptic vesicle cycle may
relate to its structural interaction with
dynaminatthetubularneckoftheclathrin-
coated bud.
LIPID METABOLISM IN SYNAPTIC
VESICLE RECYCLING
As mentioned, the other major bind-
ing partner of amphiphysin at the nerve
terminal is the polyphosphoinositide phos-
phatase, synaptojanin (Figure 5) [154].
Synaptojanin is concentrated at the nerve
terminal and is found on coated endocytic
intermediates inanincubationusingsynaptic
membranes with brain cytosol and GTPyS
[157, 158]. This led to the speculation that
phosphoinositide metabolism is an impor-
tant part ofthe synaptic vesicle cycle [75].
Synaptojanin has two phosphoinosi-
tide phosphatase domains that mediate the
dephosphorylation ofthephosphoinositides,
PI4 5P (PIP2) and P13,4,5P (PIP3) [159].
The synaptojanin COOH-terminal proline-
rich domain mediates protein-protein
interactions. Both chronic and acute per-
turbations have implicated synaptojanin in
synaptic vesicle recycling. Targeted disrup-
tionofthe synaptojanin locus in mice leads
to severe neurological deficits, failure to
thrive, and a concomitant deficiency in
neurotransmission [75]. An increase in
brain PIP2 levels compared with wild-type
mice was noted, indicating a possible
causal linkbetween the phenotype and the
defect in phosphoinositide metabolism
[75]. Furthermore, microinjection studies
in the lamprey synapse have demonstrated
a block in endocytosis with the ensuing
accumulation of clathrin-coated vesicles
andtheproliferation ofan actincytomatrix
[92].
The importance of lipids in synaptic
vesicle recycling has been underscored by
several observations. Dynamin shows a
preference for acidic phospholipids, withFarsad and De Camilli: Neurotransmission and the synaptic vesicle cycle 275
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Figure 5. Major pre-synaptic dynamin binding partners. Amphiphysin and endophilin
are proteins which are highly enriched atthe synapse, and which interactwith dynamin, and
the polyphosotidlyinositol phosphatase, synaptojanin, via their COOH-terminal SH3
domains. Both proteins have a highly conserved NH2-terminal domain predicted to form
alpha helices and coiled-coils. Brain isoforms of amphiphysin have a central domain with
binding sites for clathrin and the clathrin adaptor protein, AP2. Originally published in [172]
and reproduced by permission from the author.
its PH domain having an affinity for PIP2
[160, 161]. PIP2 is a biologically active
lipid, and the observed effects ofsynapto-
janin perturbation mayreflecttheaffinity of
theclathrin-coatadaptorstoPIP2, as wellas
theability ofPIP2tonucleateactindynamics
[76, 162]. Indeed, abrain-enriched isoform
ofa PI(4)P 5-kinase, which generates PIP2
by the addition ofa phosphate to position
50 of the inositol ring in the precursor,
PI(4)P, has recently been identified [77].
This kinase is enriched at the nerve termi-
nal and localizes to clathrin-coated inter-
mediates in the cell-free incubation previ-
ously mentioned with brain cytosol [77].
Interestingly, amphiphysin has been
reported to act as an inhibitor ofphospho-
lipase D, an enzyme mediating the conver-
sionofphosphatidyl-choline tophosphatydic
acid by cleavage ofthe choline moiety of
the head group [163]. The action ofphos-
pholipase D is a part ofan enzymatic cas-
cade leading to PIP2 generation, and there-
fore, inhibition ofthis enzyme would theo-
retically block this cascade, preventing
additional formation of PIP2. Along with
its binding partner, synaptojanin,
amphiphysin may work to decrease PIP2
levels in a fimction that may have impor-
tance for synaptic vesicle dynamics. Thus,
a putative cycle of phosphoinositide
metabolism may occur in tandem with the
synaptic vesicle cycle, whereby generation
ofPIP2 afterexocytosis leadstocoatedbud
formation in addition to undefined actin
dynamics, and removal of PIP2 leads to
vesicle uncoating and competence to enter
the recyclingpool ofsynaptic vesicles [76].
ENDOPHILIN AND SYNAPTIC
VESICLE RECYCLING
Another major binding partner of
dynamin and synaptojanin is endophilin 1,
a 4OkDa SH3 domain-containing protein
enriched in the synapse (Figure 5) [154,
164]. Microinjection studies in the living
giantreticulospinal synapse oflampreyhave
implicated endophilin in many stages of
clathrin-mediated synaptic vesicle endocy-
tosis, from early events generating deep
membrane curvature in the developing
clathrin-coated bud, to later stages such as
fission and uncoating ofthe nascent vesi-276 Farsad and De Camilli: Neurotransmission and the synaptic vesicle cycle
cle [92, 94]. Furthermore, endophilin was
found to be necessary for generation of
small synaptic-like microvesicles in a PC12
cell based assay [165].
InDrosophila, the endophilin 1 ortholog
is essential, with mutants containing P-ele-
ment insertions in the endophilin 1 gene
leading to death at the third instar larval
stage [97, 98]. Drosophila endophilin is a
crucialpartofsynaptic function, andanalysis
of the nerve terminals in these mutants
prior to death revealed depletion ofsynap-
tic vesicles and the presence oflarge vac-
uoles [97, 98, 166]. In some nerve termni-
nals that were onlymildly affected, numer-
ous clathrin-coated intermediates were
seen that remarkably resembled the shal-
low pits seen in the lamprey synapse upon
microinjection of endophilin antibodies
[94, 97].
In a cell-free assay with rat brain
cytosol and synaptic membranes incubated
with GTPyS, endophilin co-localized with
dynamin on membrane tubules, and selec-
tive depletion of endophilin from the
cytosol resulted in diminished numbers of
dynamin-coated tubules [94]. These data
suggest that endophilin plays a major role
in synaptic vesicle recycling and that the
generation or stabilization ofthe dynamin-
coated membrane tubule at the neck ofthe
clathrin-coated bud may be a part of its
function at the synapse. Interestingly, both
endophilinandamphiphysin, thetwo major
presynaptic binding partners of dynamin,
co-localize to the membrane tubules gen-
erated with brain cytosol [94, 150]. How-
ever, it is unclear whether these two SH3
domain-containing proteins are function-
ing in a similar manner with dynamin at
the neck of the clathrin-coated bud, or
whether they serve differential roles in
space and/or time.
Recently, endophilin was biochemi-
cally identified in a cytosolic extract con-
taining lysophosphatidic acid acyl trans-
ferase (LPAAT) activity, making endophilin
the first cytosolic protein reported to have
such an activity [165]. This acyl trans-
ferase activity, which generates phospha-
tidic acid (PA) by the transfer of arachi-
donoyl-CoAto lysophosphafidic acid(LPA),
was thought to be crucial for the genera-
tion ofmembrane curvature by the conver-
sion ofan "inverse cone" lipid (LPA) to a
"cone-shaped" shaped lipid (PA) in the
cytoplasmic leaflet ofthe membrane [165].
The authors of this study speculated that
this activity was necessary for the transi-
tion from the positive membrane curvature
of the budding vesicle, to the negative
membrane curvature of the neck of the
clathrin-coated bud [165], thereby being
involved in fission. No direct evidence for
a membrane deforming activity of endo-
philin was shown, however.
Endophilin has since been shown to
directly bindand deform lipidbilayers into
tubular structures [167]. This property of
endophilin is independent oflipid modify-
ing enzymatic activity, thus, it remains
unclear what role the reported LPAAT
activity plays in induction of membrane
curvature [167]. LPAis arelatively soluble
lipid, and like most Type I lipids, it is likely
not significantly present inbiological mem-
branes [168]. It has been suggested that
perhaps endophilin undergoes the LPAAT
reaction in the cytosol, with soluble LPA,
and then partitions into the bilayer upon
the creation ofthe insoluble reaction prod-
uct, PA [32]. However, this would serve to
promote positive rather than negative cur-
vature. Moreover, at neutral biological pH,
PAlikely acts as abilayer promoting lipid,
rather than a Type II negative curvature
promoting lipid-like PE [168].Althoughthe
importance ofthe LPAAT activity ofthese
proteins is as yet undefined, the ability of
these proteins to bind certain lipids may
prove important fortheirbiological fumction.
An important aspect in membrane cur-
vature formation by endophilin is the
apparent requirement of an NH2-terminal
amphipathic helix, whichlikelyhas proper-
ties enabling the protein to penetrate the
lipid bilayer [167]. This amphipathic motif
hasalsobeennoted inotherproteins foundtoFarsad and De Camilli: Neurotransmission and the synaptic vesicle cycle 277
drive membrane curvature. These proteins
have been found associated with various
cellular compartments, including amphi-
physin 1 [167] and epsin [169] at the plas-
ma membrane, an endophilin-like protein
called endophilin B, localized to the Golgi
complex and other intracellular membranes
[167], muscle amphiphysin 2, localized to
the muscle T-tubule system involved in
coupling the excitation-contraction process
[170], andRICH, anewly discovered family
of proteins involved in actin dynamics
[171]. The association of an amphipathic
helix withthe membrane maybeacommon
mechanism whereby proteins can affect
the process ofmembrane deformation via
their partial insertion into the bilayer.
Membrane active proteins suchas these are
likely central to the process ofvesicle for-
mation, enabling the efficient recycling of
synaptic vesicles to allow for rapid and
plastic neurotransmission.
CONCLUDING REMARKS
Fast point-to-point neurotransmission
underlies the complex physiology of the
nervous system. Elucidating the molecular
mechanisms ofthis action is crucial to our
understanding ofnervous system function.
The cellbiology ofthe nerve terminal is an
important piece in this puzzle, and within
this context,theefficientrecyclingofsynaptic
vesicles serves to maintainthehightransfer
of information characteristic of neuronal
activity. Undoubtedly, wehave onlyscratched
the surface ofthecomplex molecular inter-
actions that are apartofthe synaptic vesicle
recycling process, and much is left to be
studied. Clearly, clathrin-mediated endocy-
tosis is an important part ofsynaptic vesicle
retrieval andremains the mostwell charac-
terized pathway known to function in this
process. The membrane recruitment of
cytosolicproteinsthatareactive indeforming
the bilayer appears crucial to this process.
It will be interesting to see whetherparallel
pathways exist which may define a unique
biology within synaptic vesicle recycling.
Studying the detailed fmnction ofthe vari-
ous macromolecules shown to play a role
inclathrin-mediated synaptic vesicle endo-
cytosis will provide us with more tools to
model our understanding of the dynamic
function ofthe nervous system.
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